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Fluid impact craters and hypervelocity--high

velocity impact experiments in metals and rocks

By H. J. Moore, D. E, Gault-y, and

R. W. MacCormacky

Abstract
The effective deformation strength for a hemispherical water crater
is equal to the sum of stremgth due to hydrostatic pressure head, the
strength due to surface tension and the estimated viscous head loss, as

shown in the following equation:

d(z)
s = 3 o, 3, b [f_Ta a
- PP + 3 s Tl dt,
2
np

where: p is the density of water, g is the acceleration of gravity,

p is the maximum crater depth, y is the surface tension of water, p is
the viscosity of water, t is the duration of the cratering event, —‘gt—@)—
is the radial velocity of the fluid shell, and Volp is the volume of the
projectile. Deformation strengths of water which are computed in this
manner are im substantial agreement with calculations of deformation
strengths using a formula derived on a theoretical basis by Charters and
Summers for impact craters formed in metal targets in the fluid-impact
regime.

Fluid-impact or near-fluid-impact craters in metals and rocks may be

correlated with fluid-impact craters produced by water drops impacting

1/ Natiomal Aeromautics and Space Administration, Ames Research Center,

Moffett Field, Californmia.



with water when the deformation strength of rocks and metals are related

e

to the shear or compressive strengths of the target materials. Although
the correlation using strengths at low confining pressures is not in
perfect accord with theory, the use of the product of the heat of fusion
and density of the target material as a maximmm possible deformatiom
strength suggests that the effective deformation strength for rocks and
metals during impact lies between the unconfined compressive strength and
the product of the heat of fusion and density of the target material. The
use of shear strengths and densities of the target at 49-kilobars confining
pressure improves the correlation between craters produced im metals near
the fluid-impact regime, the theory of Charters and Summers, and craters
produced by water drops impacting water. Craters in rock do not correlate
exactly with water craters and metal craters when the target shear strengths
and densities at 49-kilobars are used, but such a differemnce should be
expected.

It is concluded that shear or compressive strengths of the target
material are more realistic parameters te use in correlating impact-crater

data than acoustic velocities. —



Introduction

The impact phenomena of hypervelocity and high-velocity projectiles
with rock and metal targets are being studied in a cooperative research
program, by the U.S. Geological Survey and the Ames Research Center of
the National Aeronautics and Space Administration. This paper deals
with the comparison of: (a) fluid~impact craters produced by water drops
impacting water, (b) hypervelocity and high-velocity impact craters pro-
duced by impact of steel, aluminum, and polyethylene projectiles with
basalt, and (c) hypervelocity and high-velocity impact craters in metals.

The theoretical formula of Charters and Summers (1959) is tested in
this investigation. The formula, as tested, is approximately valid for
impact of water drops into water. In addition, the formula demonstrates
that deformation strengths of metals and rocks are placed at some value
between a maximum possible deformation strength of the target material
and its compressive strength at low confining pressures. The maximum
deformation strength is represented by the product of the heat of fusion
and density of the target material. The use of shear strengths and
densities of the metal and rock-target materials at 49 kilobars for
parameters yields fair agreement between (a) craters produced by water
drops impacting water, (b) the theory of Charters and Summers, and (c)
hypervelocity impact experiments in and near the fluid=-impact regime
using rock and metal targets.

It is concluded that shear or compressive strengths of the target
material are more realistic parameters than acoustic velocities, because
water=drop cratering experiments cannot be correlated with theory or high-
to hypervelocity impact-cratering experiments in rocks and metals when

acoustic velocity is used as a parameter.
3



Cratering theory of Charters and Summers
A quantitative theory for craters produced by projectile impact
in the fluid-impact regime has been proposed by Charters and Summers
(1959). In their theory, the momentum of a uniformly expanding hemi-
spherical shell composed of both the projectile and the target material
is assumed to be equal to the projectile momentum by analogy with the

ballistic pendulum:

Bestes T Mplps (1)
where

m. = mass of fluid shell,

Peg = velocity of fluid shell,

mp = mass of projectile,

VP = velocity of projectile.

The kimetic energy of the projectile is then compared to the kinetic
energy of the fluid shell using the hydraulic amalogy of the shaped

charge penetration for which

= L
“fs = 2 th (2)
then
a _ _1 2
me e > anp . (3)

The kimetic energy of the fluid shell is assumed to be used im the work

of deformatiom im forming the crater:

Loow2= [T s omoar (%)
2 Pesies s
where

S = the deformation strength,

the maximwm crater depth,

~
I

L
L]

the radius of the hemispherical crater cavity.

4



Integration, when S is constant, gives

1 2 2

- L 3
2 PeMtes - T3 TP S, )
and since
2 o L 3
"estEs 2 pvp ’ )
then
nv? = — ms, Q)
or
" 3mV?=3
s = 7&1’;,;3-— . (8)

Then, takinmg into account experimental data amnd rearranging

terms, the pemetration formula becomes

o Ws 2
Db _ 1 pp '\/3 |' pE \J )]7’3, (9)
d 2 t Pe ) \ 28
which can be rewritten
2 v <2
16 pt (__d!_)

where
d = diameter of the projectile,
pp = demnsity of the projectile,
P = density of the target.



Dr. Engel's water craters

Preliminary studies of craters produced by water drops impacting
water (Engel, 1961) yield data that permits a quamntitative test of the
fluid-:l.mpact theory of Charters and Summers. The water-drop experiments
employed projectiles of 11 mg, 56 mg, and 183 mg which impacted water with
velocities of 400 to 700 cm/sec. The experiments of Engel produced
temporary craters from 7.25 mm to 21.9 mm in depth. In addition, Engel
points out many similarities between the water-drop experiments and some
hypervelocity impact experiments.

Deformation stremgths of the water for each expeérimemt cam be cal-
culated im two ways: (1) by employing a knowledge of the physical
properties of water and the experimental measurements amd (2) by employing
the theory of Charters and Summexs.

Three types of resistamce oppose the process of crater formation
in water: (1) the hydrestatic pressure head, (2) surface temsiom, and
(3) the resistamce of the water to flow (or viscesity). The deformation

strength them becomes

5, = £(p,82) + £—L) + £¢ v; Y (10)
where
S, = deformation stremgth of water,
P, = density of water,
g = acceleratiom of gravity,
z = a depth or vertical coordimate,
vt

-~ =a velocity gradient,



u = viscosity of water (10-'2 dynes-sec/caf’ ),

y

|

surface tension of water (72 dynes/cm).
During the cratering process in water the deformation strength |

related to the hydrostatic pressure head increases from zero to some i

finite value since z increases from zero to p or the maximum crater

depth., The effective deformation strength resulting from the hydro-

static pressure head may be obtained by computing the work required to

form a crater against the hydrostatic pressure head and relating this

to the final crater volume. The work required to form a hemispherical

crater against the hydrostatic pressure head may be expressed
Vol

F
Whh = L dF z = L pwg d(Vol)z, (11)
where

W, . = work expended in overcoming hydrostatic pressure
head,

o
=
0

incremental force on an incremental volume of
water removed from crater to surface of water,

P = maximmm crater depth of hemispherical crater,

density of water,

©
I

w
g = acceleration of gravity,
z = depth or vertical coordinate,

d(Vol)= an incremental volume of water removed from crater
to surface of water.

Integration of equation (11) yields

W. = ..‘12&!’: (12)

hh 4 *
If the mean or effective deformation strength due to the hydrostatic

pressure head is defimed by shh’ then



P
Wik = Sun L 2w Pdr, (13)

and

K13
shh = I (14)
The mean or effective deformation strength due to surface tension
may be derived im a similar mammer, The work required te overcome

surface temsion is

2y
where
st = work expended in overcoming surface temsion,
¥ = surface temsion of water,
dA = the change in area,
P = maximum crater depth of hemispherical crater,
then
W, =2ry #, (16)
and
F
Wst = Sst 2n dr, (17)
where
S , = effective or mean deformation stremgth due
st
to surface tensiom,
or
= X
sst: P (18)

Approximate values for the deformatiom stremgth of the water due to
viscosity during the cratering process may be obtaimed by assuming that
the flow of the projectile and target material occurs near the projectile-
target interface. The flow womld occur within a layer having an effective
thickness equal to twice the thickmess of the projectile smeared evenly

over a hemispherical crater at maximmm depth. Also, it may be assumed
8




that the average velocities of the flow are approximately equal to the
average radial velocities of the fluid shell. The estimated deformation

strength due to viscosity then becomes

d
‘.’t t dt
S, " i W s | "o 4 (19

where

Sn = deformation strength due to viscosity,

-2
viscosity of water ( 10 dﬁs-m >,

®
]

t = duratiom of cratering event,

=) - radial velocity of fluid shell,
vol = volume of projectile,
P = maximum crater depth
Vt
<= velocity gradient.

The calculated deformatiom stremgths for the individual experiments
of water impacting water (Emgel, 1961) using the e¢ffective deformatiom
strengths due to hydrostatic pressure head, surface temsiom, amd viscous
head loss and assuming hemispherical craters are tabulated (table 1).

Deformation stremgths for the water craters assuming spherical pro-
jectiles and hemispherical craters have been calculated using the Charters-
Summers theory (equation 9). These deformatiom strengths are listed im
table 1, columm 5. Im addition, the data are plotted in figure 1, where
P 1s the maximum crater depth.

The assumption of hemispherical water craters which are actmally
prolate hemi-spheroids leads to minor errors, so that the calculatioms

represent approximate values for the mean or effective deformation



strength of the water craters. The calculations do give us a magnitude

for the mean or effective deformation stremgth of the water during

cratering and this magnitude is near 1 x 10°dymes .

10
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Figure 1, Graph comparing deformation strength of water computed
by using the mean hydrostatic pressure head, surface tension
and estimated strength due to viscosity, and the theory
of Charters=Summers.
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Parameters
Various parameters have been used to correlate hypervelocity fluid-
impact experiments. The familiar empirical fermula of Charters and
Summers (1959) relates the experimental data on pemetration to the pro-
jectile diameter, projectile demsity, target demsity, projectile velocity

and the acoustic velocity of the target material:

v/ ¥s
-2 = 2.28 el \a i, (20)
Pe | \°

The acoustic velocity is then correlated with Young's modulus

(Et) of the target material:

F= —t, (21)
Pe

 In additiom to the above parameters, the following may be used:

2 -x P | Zf&!f_..\%, (22)

Py 5¢% |

where
K = a comstant,
8.~ deformatien strength.

These parameters were selected primarily om the basis of equation 9.
The term pt%/st% has the dimensions of time/distance and may be considered
as the reciprocal of‘ a velocity which is characteristic of the target
material.

Experimental data using equation 22 for impact of metal projectile into
metal, metal projectile into rock, amd water projectile into water are
shown im figure 2. 1Im additiom, a plot usimg the reciprocal of the square
root of the heat of fusiom in place of pt%/st% has been imcluded im figure 2.
This parameter, which has been suggested by Bromberg (im Palmer and others,

1960, p. 8), also has the dimensions of time/distance.
13
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Figure 2. Graph comparing craters produced by impact of water drops
into water, metal spheres impacting copper and lead targets and metal
and polyethylene spheres impacting rocks using p, /St% as measured at
normal confining pressures. A plot for copper and lead cratering ex-
periments using the recigrocgl of the square root of the target heat
of fusion in place of p,2/S;? is included.
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Figure 2 is based on experimemtal data for impacts using rock

targets, Moore amd Gault (1962), Summers (1959), the Metals Handbook
(Lyman, 1958, p. 905-909, 961-962), and actual determimation of shear
strengths of the rocks. The shear strengths used were as follows:

copper - 1.53 x 10° dynes/caf,

lead - 1.26 x 10° dynes/cof,

basalt - 8.6 x 1(Pdynes/caf,

sandy dolomite - 2.8 x 10° dymes/caf, and

sandstone - 1.9 x 10° dymes/caf .
A value for the heat of fusiom of 2.12 x 10° ergs/gram was used for
copper targets amd 2.62 x 10° ergs/gram was used for lead targets.

If the sum of the mean hydrostatic pressure head, the mean surface
tension factor, and the viscous head loss is comsidered to be amalogous to
compressive strength which is twice the shear stremgth for ideal plastic
failure, the plot of the experimental data for metals amd rocks would be
moved toward the left by a factor of /2 when compressive stremgths were
used instead of shear strengths. Such a shift would reduce the difference
between the experimental data for metals amd rocks and the data fer water.

The streagth of rocks and metals with increasing confining pressure
is not constant. More precise plottimg of data would require a knowledge
of the strength of the target material at elevated confining pressures
because high confining pressures are produced durimg crater formatiom by
impact of hypervelocity projectiles. If the maximnm possible stremgth of
the target is taken as the product of the heat of fusion and demsity of
the target material, the deformation strength during cratering by hyper-
velocity and high velocity impacts would lie between the compressive stremgth
at low confining pressures amd the heat of fusiom mmltiplied by the target

density. 15



Strengths and densities at elevated confining pressures

Although considerable information about the density of some materials
up to 700 kilobars confining pressure, and in some caseés up to several
megabars, is known (Rice and others, 1958, and Al'tshuler and others,
1960), little is known about the strength of materials above 49 kilobars.
However, the existing data on the stremgths and demsities of metals and
rocks may be used to illustrate how the parameter pflst% and the plot
of cratering experiments im and mear the fluid-impact regime might
improve correlation of impact-cratering experiments.

The plots of hypervelocity-impact data for copper and lead in amnd
near the fluid-impact regime indicate that pt%/St% is constant because

of the constant slope of 75 (Summers, 1959). If it is further assumed

5

N /St% for metals becomss comstant at and above 49 kilebars aad

that p
pp/pt is essemtially comstant, the shear streagth and demsity at

49 kilobars (Bridgman, 1935, and Rice and others, 1958) may be used to
% 0%

evaluate Py /st at elevated pressures.

Justification for the assumption that pP/pt is constant may be
obtained from compressibility data obtained with shock techmiques.
Compressibility ratios for copper, lead, alumimum, iron, and magnesium
projectiles and copper and lead targets range between 0.850 and 1.065
at 100 kilobars and 0.850 and 1.175 at 500 kilobars. Thus the assumption
of a comstant ratio for pp/pt is valid within +10 percemt at 100 kilobars
and +16 percent at 500 kilobars and is within the scatter of experimental
data for metals and rocks (see, for example, Charters and Summers, 1959,

and Summers, 1959, p. 13). The shear strengths for lead amd copper at

49 kilobars are 710 kg/cof (6.96 x 10° dynes/caf) and 4700 kg/csf

16



(4.6 x 10° dynes/caf) (Bridgman, 1935). The densities of lead and copper
which were obtained by extrapolation of densities obtained with shock-
wave techniques (Rice and others, 1958) and static compression techniques
(Bridgman, 1935) are 12.4 grams/cm® and 9.35 grams/cm?>at 49 kilobars.

The use of the shear strengths and densities at 49 kilobars con-
fining pressure QUEENNESENANEEP Yields good results (compare fig. 3).

In contrast with plots using shear strengths at low confining pressures,
impact data for lead and copper are practically coincident. 1In additiom,
the agreement between fluid impacts produced by water drops into water
and impact craters produced by metal projectiles into metal targets mnear
the fluid-impact regime is improved.

Similar data are available for some rocks. In the case of basalt,
no data are available for shear strengths at 49 kilobars. However, an
extimate of 15.5 x 10° dymes/caf for the strength of basalt at elevated
confining pressures can be made using the shear strength of basalt
glass, which is 17.0 x 10° dymes/caf, and pyroxenite, which is 14.0 x 10°
dynes/ca® (Bridgman, in Robertsom, 1955). Justificatiom for this estimate
is based on gemeralizatioms of shear strengths of rocks which tend to be
approximately the same at elevated confining pressures (Robertsom, 1955).
The density of basalt at 49 kilobars may be estimated with data from
shock-wave techniques (Lombard, 1961). Such an estimate yields 2.9 to
3.0 grams/cno®.

The data plotted for basalt fall to the left of the metal and water
craters (fig. 3). Such a difference should be expected because of the
difference in the cratering process in metals and water and in rocks.

This difference is due to the low tensile stremgth of rocks at low
17
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confining pressures. For craters of the scale of the laberatory
experiments, the projectile is ejected completely from the crater along
with rock debris, whereas in the case of metal craters the projectile
smears out and plates the crater floor and walls (Swmmers, 1959).
Plating also occurs im craters produced by water-drop impacts with
water (Engel, 1961; Charters, 1960).

Proper appraisal amd use of the parameters im equatiom 22 would
require the kmowledge of the average deformation stremgth of the target,
the average demsity of the projectile, and the average demsity of the

target during the cratering process.

19



Acoustic velocity as a parameter

The primary problem with acoustic velocity as a parameter is shown
clearly in the case of fluid impacts of water into water. The use of
the acoustic velocity of water (which is 1.5 km/sec) in Engel's experi-
ments did not permit plotting of the fluid-impact water-drop experiments
and the fluid-impact metal amd rock experiments together in the same
decade on log-log paper. Im comtrast, the use of either compressive
strength at low or high comnfining pressure divided by the target

density or the target heat of fusion permits such a plot.

20



Conclusions

1. The target strength is a more realistic par#meter than the
target acoustic velocity for correlation of data for hypervelocity
impact craters in the fluid-impact regime and low-velocity hydrodynamic
or fluid-impact craters. The partial success obtained when using target
acoustic velocity is probably the result of a close correlation betweén
strength and acoustic velocity for certain materials (see for example,
Mauer and Rinehart, 1960), but the correlation does not hold for
materials such as water.

2. The theory of Charters and Summers is approximately valid for
fluid-impact craters produced by water drops impacting water and other
impact craters in the fluid-impact regime.

3. Dynamic strengths of materials which yield under impact in the
fluid-impact regime are greater than the strengths at low confining
pressure but less than the product of the target density and heat of
fusion when significant amounts of vaporization of the target do not
occur,

4, The effects of target strength and target density at elevated
confining pressures G NSNS for craters in rocks and metals pro-
duced in the fluid-impact regime can be semiquantitatively assessed
using the existing data at 49 kilobars. Such data at 49 kilobars give
fair agreement with theory, water-water impact, and reduces the dis-
crepancy between lead and copper experimental data when shear strengths
at low confining pressures are used.

5. Hypervelocity impact craters in rocks should be deeper than
corresponding craters in metals and water in the fluid-impact regime

21



because the projectile is ejected along with debris in the case of rock,
whereas plating of the projectile on the crater floors and walls occurs
in metal and water craters.

6. More data on strengths at elevated confining pressures are
needed in order to resolve the problem of the selection of parameters

for correlation of hypervelocity impact data.

22
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